Repeated administration of stimulant drugs leads to lasting changes in their behavioral and neurochemical effects. These changes are initiated by drug actions in the somatodendritic regions of midbrain dopaminergic neurons in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) and continue to develop for a period of time after termination of drug treatment. Here we show that repeated administration of amphetamine (3.0 mg/kg, i.p.; three injections, once every other day) results in sustained increases in basic fibroblast growth factor immunoreactivity (bFGF-IR) in both VTA and SNc, 200-500% over that seen in saline-treated animals. Increases were observed 24 hr, 72 hr, 1 week and 1 month after the last drug injection. Because glutamate participates in the development of sensitization to stimulant drugs, we assessed the effect of the glutamate antagonist, kynurenic acid (KYN), on amphetamineinduced bFGF-IR. Coadministration of KYN prevented the increases in bFGF-IR in both VTA and SNc assessed 1 week after the amphetamine treatment. No changes in bFGF-IR were observed in the nucleus accumbens or dorsal striatum. bFGF-IR was found to be associated with astrocytes and not with dopaminergic neurons. These findings suggest that sustained enhancement of astrocytic bFGF expression in DA somatodendritic regions is a mechanism whereby stimulant drugs exert enduring effects on midbrain DA function. We hypothesize that increased glutamatergic activity elicited by amphetamine and other stimulant drugs places excessive demands on the functioning of DA neurons recruiting regulatory and neuroprotective processes that lead to enduring changes in DA neuron functioning and connectivity.
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Repeated administration of stimulant drugs, such as amphetamine, cocaine, and morphine, leads to an enduring enhancement of their behavioral activating effects that is associated with changes in the f unctioning of the midbrain dopamine (DA) system (Robinson and Becker, 1986; Kalivas and Stewart, 1991) . One frequently reported change is enhanced DA overflow in striatal regions in response to acute drug challenge. Importantly, this change is long-lasting Paulson et al., 1991; Robinson, 1991; Kalivas and Duff y, 1993; Paulson and Robinson, 1995; Heidbreder et al., 1996) and takes time to develop, usually not observed until 2-3 weeks after the last drug injection (Kolta et al., 1985; Vezina, 1993; Paulson and Robinson, 1995) .
The events that lead to enhanced DA f unctioning are initiated by the actions of these drugs in the somatodendritic region. Repeated administration of amphetamine into the ventral tegmental area (V TA), but not into the nucleus accumbens (NAcc), is sufficient to induce behavioral sensitization and increased DA release in striatal regions in response to systemic injections of stimulant drugs and to intra-NAcc amphetamine (Kalivas and Weber, 1988; Vezina and Stewart, 1990; Hooks et al., 1992; Vezina, 1993; Perugini and Vezina, 1994; Cador et al., 1995; Bjijou et al., 1996) . Furthermore, studies have shown that glutamate plays an important role in the initiation of the changes accompanying sensitized responding. Coadministration of NMDA or AMPA receptor antagonists, given systemically or directly into the VTA, can prevent the development of stimulantinduced behavioral sensitization (Karler et al., 1989 (Karler et al., , 1990 (Karler et al., , 1991 (Karler et al., , 1994 Wolf and Khansa, 1991; Kalivas and Alesdatter, 1993; Stewart and Druhan, 1993; Wolf and Jeziorski, 1993; Cador et al., 1997; Li et al., 1997) and the increases in DA in striatal regions (Jake-Matthews et al., 1997) . NMDA antagonists also prevent alternations in the VTA seen early after drug treatment (Wolf et al., 1994; Masserano et al., 1996) .
There is now evidence that extracellular glutamate is increased in the VTA during Duffy, 1995a, 1998) or after (Xue et al., 1996; Wolf and Xue, 1998) injections of amphetamine or D1 DA receptor agonists. Repeated administration of stimulants leads to a transient increase in the responsiveness of DA neurons to glutamate (White et al., 1995) mediated by AMPA receptors (Zhang et al., 1997) . GluR1 AMPA subunit immunoreactivity (IR) is increased in the VTA soon after termination of cocaine injections (Fitzgerald et al., 1996) , and a similar trend is suggested after amphetamine (Wolf, 1998) . Interestingly, viralmediated gene transfer upregulation of GluR1 in the VTA has been shown to induce a sensitized-like response to morphine (Carlezon et al., 1997) .
Drug-induced glutamatergic activity in somatodendritic regions may place excessive demands on the functioning of DA neurons. In fact, injury-like changes, such as increased glial fibril-lary acidic protein (GFAP)-IR, decreased neurofilament protein, axonal transport (Self and Nestler, 1995) , and DA neuronal size (Sklair-Tavron et al., 1996) have been reported after exposure to stimulant drugs. We postulated, therefore, that the long-term changes induced in DA neurons by stimulant drugs might result from the actions of neuroprotective factors, such as basic fibroblast growth factor (bFGF), normally recruited in response to injury. bFGF promotes growth and survival of midbrain DA cells (Chadi et al., 1993; Bouvier and Mytilineou, 1995; Takayama et al., 1995; Hou et al., 1997) ; sustained increases in bFGF-IR have been observed in the V TA and substantia nigra compacta (SNc), but not in terminal regions, after 6-hydroxydopamine (6-OHDA) lesions (Chadi et al., 1994) . Interestingly, glutamate increases bFGF-IR in astrocytes (Pechan et al., 1993) , and bFGF upregulates GluR1 expression in cultured hippocampal neurons (Cheng et al., 1995) .
We examined, therefore, changes in bFGF-IR in midbrain DA regions at different time intervals after repeated amphetamine treatment and investigated a role for glutamate by examining bFGF-IR after concurrent treatment with the nonselective ionotropic glutamate receptor antagonist kynurenic acid.
MATERIALS AND METHODS
Subjects. Male Wistar rats weighing 300 -350 gm at the beginning of the experiment served as subjects. Rats were housed individually in standard stainless steel hanging boxes with ad libitum access to tap water and rat chow, and were maintained on a 12 hr light /dark cycle.
Drugs and antibodies. D-amphetamine sulfate (AM PH) was obtained from SmithK line Beecham Pharma (Oakville, Ontario) and was dissolved in physiological saline. Kynurenic acid (K YN, 4-hydroxyquinoline-2-carboxylic acid) was obtained from Sigma (St. L ouis, MO) and was suspended in distilled water containing 2% T ween 80 (vehicle solution). bFGF immunoreactivity was detected using a mouse monoclonal antibody purchased from Upstate Biotechnology (Lake Placid, N Y). This antibody recognizes the biologically active isoform of bFGF (Matsuzaki et al., 1989) . For GFAP and tyrosine hydroxylase (TH) immunoreactivity, a mouse monoclonal antibody obtained from Sigma and a rabbit polyclonal antibody obtained from Eugene Tech (Ramsay, NJ) were used, respectively.
Immunohistochemistr y. Animals received an overdose of sodium pentobarbital (120 mg / kg) and were perf used transcardially with 200 ml of ice-cold PBS followed by 100 ml of an ice-cold solution of 4% paraformaldehyde (w/ v) and 15% picric acid (v/ v) in 0.1 M phosphate buffer (PB, pH 6.9). When the perf usion was completed, the brains were removed and placed overnight in the fixative solution at 4°C. Coronal sections, 50-m-thick, were cut on a vibratome and stored overnight in PB at 4°C. bFGF immunohistochemistry was then detected according to the ABC method (Hsu et al., 1981) . Briefly, free-floating tissue sections were incubated for 24 hr at 4°C with the anti-bFGF antibody diluted to 1:500 with 0.3% Triton X-100 (Sigma) in PB and 1% normal horse serum (Vector Laboratories, Burlingame, CA). After incubation in the primary antibody, sections were rinsed three times in cold PB and incubated for 1 hr at room temperature (RT) in a solution of rat adsorbed biotinylated anti-mouse antibody (Vector) diluted 1:200 with PB and 1% normal horse serum. After three 5 min washes in cold PB, sections were then incubated in an avidin -horseradish peroxidase complex (Vectastain Elite ABC K it, Vector) for 30 min at RT, and rinsed again three times (5 min each) in cold PB. Sections were then incubated for 10 min at RT and under constant agitation in a solution of 0.05% 3,3Ј-diaminobenzidine (DAB, Sigma) in PB. Without washing, the sections were then transferred to a DAB -PB solution, pH 7.8, containing 0.01% H 2 O 2 , which catalyzed the reaction, and 8% NiC l 2 , which darkened the reaction product. Sections were incubated in this solution at RT and under constant agitation for 8 min. Special care was taken to maintain this time rigorously constant for all sections processed within one single experiment and throughout the entire study. Three 10 min washes with cold PB terminated this final incubation. Double-labeling for bFGF-GFAP and for bFGF-TH was performed by processing the sections; first, for bFGF immunohistochemistry and then for either GFAP or TH immunohistochemistry. GFAP and TH immunolabeling was performed by using the ABC method. The anti-GFAP antibody was used at a concentration of 1:500 and the anti-TH at a concentration of 1:2000. For TH immunohistochemistry, sections were preincubated in 0.3% Triton X-100 PB and 1% normal goat serum for 1 hr at RT. For both GFAP and TH immunohistochemistry no NiC l 2 was added to the DAB -PB -H 2 O 2 solution to obtain a lighter reaction product.
Histolog y. Processed sections were wet-mounted onto gelatin-coated slides and were allowed to dry for at least 1 d before being hydrated in distilled water and gradually dehydrated throughout a series of graded alcohol solutions. Midbrain sections processed for bFGF-IR were lightly counterstained with 0.1% cresyl violet to demonstrate anatomical landmarks. Slides were cleared in xylene and coverslipped with Permount.
Image anal ysis. Immunostained sections were examined under a Leica microscope (Leitz DMRB). For quantitative analysis of bFGF-IR, images of sampling areas of the V TA, SNc, NAcc shell, NAcc core, and dorsal region of the striatum (STR) were digitized using a computerized image-analysis system (N IH Image 1.6). Structure boundaries were defined according to the Paxinos and Watson (1997) stereotaxic atlas. Sampling areas of V TA and SNc were taken from sections corresponding to plates 38 and 39, and sampling areas of NAcc shell, NAcc core, and STR were taken from sections corresponding to plates 11, 12, and 13.
For each brain, three images from each structure, taken from three different sections, were digitized and were assigned code names. The number of bFGF-positive cells in each image was then counted by two individuals who were blind to the code assignment. The means of the cell counts from the three sections for each structure in each animal were calculated by each observer. Correlation coefficients were calculated between the mean cell counts obtained by each observer. When these correlation coefficients were Ն90%, the cell counts obtained by the two observers were averaged; the resulting values were used to calculate the group means Ϯ SEM per area. Importantly, brains of subjects from each of the experimental conditions were always processed in parallel from perf usion to image analysis. Figure 1 outlines the timing of the treatment and experimental manipulations in experiments 1 and 2.
DESIGN AND PROCEDURES

Experiment 1: Time course
This experiment was conducted to determine levels of bFGF-IR in midbrain dopaminergic regions (VTA and SNc) at several time points after repeated administration of AMPH. In the preexposure phase, different groups of rats were given injections of either AMPH (3 mg/kg, i.p.) or saline (SAL) in the morning (10:00 A.M.) on days 1, 3, and 5, in the colony room. This or similar treatment regimens are known to produce behavioral sensitization, and we have confirmed this under the conditions used in the present experiments (our unpublished observations). Groups of AMPH-treated (n ϭ 5) and saline-treated (n ϭ 4) rats were killed and perfused at each time period, 24 hr, 72 hr, 1 week, and 1 month after the last injection, and their brains were processed for bFGF immunohistochemistry.
Experiment 2: Role of glutamate
Because glutamate plays a role in the development of sensitization, we investigated whether a glutamate antagonist would prevent the effect of AMPH on bFGF-IR. Previous studies have shown that both NMDA and AMPA receptor antagonists prevent the development of behavioral sensitization as well as some of its cellular correlates (Wolf, 1998) . We tested, therefore, whether the nonselective ionotropic glutamate receptor antagonist, kynurenic acid (KYN) (Stone, 1993 ; see also Taber and Fibiger, 1995) , would prevent the AMPH-induced increases in bFGF-IR observed in the VTA and SNc.
Different groups of rats undergoing the same AMPH or saline regimen as in experiment 1 on days 1, 3, and 5, were treated twice daily, on days 1-10, with the nonselective ionotropic glutamate receptor antagonist KYN (100 mg/kg, i.p. at 9:00 A.M. and 6:00 P.M.) or with vehicle (either 2% T ween 80 or saline). Because there is evidence that even a single injection of amphetamine can induce an increase in extracellular glutamate (Xue et al., 1996) , and because, therefore, the processes involved in bFGF expression might be initiated after each amphetamine injection, we tried to ensure that glutamate receptors were blocked not only while amphetamine was acting, but also in the period between injections. In addition, we decided to continue the treatment for a few days after AM PH termination because we had found in experiment 1 that the expression of bFGF increased over time after the last injection of amphetamine. Because surgical penetration of the brain would be likely to induce bFGF expression in itself, we chose to administer the glutamate receptor antagonist systemically. Animals from each of the four groups: vehicle-AMPH (VTA, n ϭ 8; SNc, n ϭ 7), vehicle -saline (n ϭ 8), K YN-AMPH (n ϭ 4), and K YN -saline (n ϭ 4) were killed and perfused 1 week after the last AM PH or saline injection (72 hr after the last KYN or vehicle injection), and their brains were processed for bFGF-IR. This time point was chosen on the basis of the substantial increase in bFGF-IR observed in experiment 1 in both VTA and SNc. Brain sections from both DA cell body regions (VTA and SNc) and DA terminal regions (NAcc shell and core and STR) were analyzed.
Double-labeling experiment
To determine the nature of the cells expressing bFGF in the regions analyzed, double-labeling for bFGF-GFAP and for bFGF-TH was conducted on the brains of two rats that received three injections of either AM PH or SAL in the same regimen used in experiment 1 and that were killed and perfused 1 week after the last AMPH or SAL injection.
Statistical analysis
The data were analyzed with one-way ANOVAs. Post hoc analyses of significant effects were made using Fisher's PLSD tests. The analyses were done using the number of bFGF-IR cells per square millimeter. The data in the figures are presented as percent of controls. In the time course study (experiment 1), because no differences in bFGF expression were found between the saline-treated groups at the different time periods in either the VTA or SNc, the data from all saline-treated groups were combined and compared with the AMPH-treated groups at each time interval.
RESULTS
Repeated amphetamine induces long-lasting expression of bFGF in DA somatodendritic regions
Repeated intermittent AMPH administration (3.0 mg/kg, i.p., three injections, once every other day) resulted in an increase in bFGF-IR in both VTA and SNc over that seen in saline-treated animals. As shown in Figure 2 , a significant increase in bFGF-IR in the VTA was observed 24 hr (286 Ϯ 48%) after the last AMPH injection. This increase was sustained 72 hr (215 Ϯ 71%) and 1 week (284 Ϯ 51%) after the last drug injection and was further increased 1 month (418 Ϯ 25%) after treatment termination. Within the SNc, a significant increase in bFGF-IR was observed 24 hr (303 Ϯ 83%) and 72 hr (363 Ϯ 72%) after the last drug injection (Fig. 2) . Levels of bFGF-IR within this region appeared to peak at 1 week (542 Ϯ 53%) and remained elevated (434 Ϯ 45%) 1 month after treatment termination. The maximum number of bFGF-immunoreactive cells observed within the VTA of AMPH-treated animals was three times higher than that of saline-treated animals and was observed 1 month after the last drug injection. In the case of the SNc, maximum levels of bFGF-IR, observed 1 week after the last AMPH injection, were almost five times higher than those observed in saline-treated rats. Figure 3 shows examples of bFGF-IR in the VTA and SNc of animals that were treated with either saline or AMPH and that were killed 1 week after the last injection. It can be seen that there was a greater number of darkly labeled bFGF-positive cells in AMPH-treated animals in these areas.
Amphetamine-induced bFGF-IR is blocked by a glutamate receptor antagonist DA somatodendritic regions
As can be seen in Figure 4 , once again, animals treated with AMPH showed a significant increase in bFGF-IR in both the VTA and SNc compared with saline-treated animals. This difference between AMPH-and saline-treated animals was prevented by the coadministration of the glutamate receptor antagonist KYN. In neither area was there any effect on bFGF-IR of KYN alone (group KYN-saline).
It will be noted that bFGF-IR levels in the VTA and SNc in the vehicle control group were higher in experiment 2 than they were in the control group in the time course experiment (experiment 1). Thus, the percent increase in bFGF-IR induced by amphetamine in experiment 2 was smaller than the increase observed in the amphetamine group 1 week after the last injection in experiment 1 (Figs. 2, 4) . It is likely that stress was the source of the difference observed in bFGF-IR levels between the two control groups. In experiment 2, kynurenic acid was administered to rats chronically. Whereas animals in the time course experiment were injected only three times, animals in experiment 2 were given two or three injections a day for 10 d. Numerous studies have shown that repeated exposure to stress can lead to changes in the responsiveness of the midbrain DA system (Kalivas and Duffy, 1995b) . Thus, studies of the effects of stress on bFGF-IR in midbrain DA regions appear warranted.
DA terminal reg ions
As shown in Figure 5 , levels of bFGF-IR in the STR and in the NAcc shell were not affected by AM PH treatment. No changes in bFGF-IR within these regions were observed in either vehicle-or KYN-treated rats. Within the NAcc core, the AM PH group exhibited a small but nonsignificant increase in bFGF-IR in comparison to the saline group. This elevation was not observed in AM PH-treated rats that received K YN administration (Fig. 5) .
bFGF-IR was found in astrocytes and not in DA neurons
In both AM PH-and saline-treated rats, double-label experiments indicated that (1) in all areas examined bFGF-positive cells were also GFAP-positive, (2) many, but not all, astrocytes expressed bFGF-IR, and (3) TH-positive cells did not exhibit bFGF-IR. These observations are illustrated in Figure 6 , which shows THbFGF (Fig. 6 A) and GFAP-bFGF (Fig. 6 B) double-labeling in a region of the V TA of one AM PH-treated animal that was killed 1 week after the last drug injection. Similar findings were observed in the brain of a saline-treated animal (data not shown). These observations are in agreement with previous studies showing that the antibody used in this study detects bFGF-IR in astrocytic nuclei (Szele et al., 1995) .
DISCUSSION
The primary purpose of this study was to determine whether repeated injections of amphetamine would induce increases in bFGF-IR expression in midbrain DA regions after termination of treatment. It was found that after three intermittent injections of 3.0 mg/kg of D-amphetamine sulfate administered intraperitoneally, once every other day, there were large increases in bFGF-IR levels in the somatodendritic region of the midbrain DA neurons in the VTA and SNc. These increases occurred as early as 24 hr after the last injection, increased over a period of 1 week, and were clearly evident at 1 month. The results from the doublelabeling experiments revealed that bFGF-IR in these regions was associated with astrocytes and not with DA neurons themselves.
As discussed in the introductory remarks, enhanced DA transmission, including increased DA overflow in striatal terminal regions in response to drug or stress challenges, follows repeated administration of stimulant drugs (Robinson and Becker, 1986; Kalivas and Stewart, 1991 ; but see Kuczenski et al., 1997) . When found, these changes take time to develop, appearing 1-3 weeks after the last drug injection (Kolta et al., 1985; Vezina, 1993; Paulson and Robinson, 1995) . In the present study, we postulated that the long-term changes induced in DA neurons by Figure 2 . Time course. Mean (Ϯ SEM) percent of saline control (bFGF-immunoreactive cells per square millimeter) in the V TA and SNc in groups (n ϭ 5 per group) of amphetamine-treated animals (3.0 mg / kg, i.p., on three occasions, once every other day) killed 24 hr, 72 hr, 1 week, and 1 month after the last injection. One hundred percent (100) represents the mean (solid line) and SEM (dashed lines) counts from saline-treated animals that were killed at each of the time intervals after the last injection (n ϭ 15). ANOVAs performed on the actual counts showed a significant effect of drug treatment (VTA, F (4,30) ϭ 11.61; p ϭ 0.0001; SNc, F (4,30) ϭ 16.85; p Ͻ 0.0001). Asterisk s indicate significant differences from the saline group, p Ͻ 0.01; daggers indicate significant differences from the peak, p Ͻ 0.05. stimulant drugs might result from the actions of neuroprotective factors, such as bFGF, recruited in response to the effects of amphetamine in regions of the midbrain DA system. We found, in fact, that bFGF expression in DA cell body regions increased during the period that is usually needed for sensitization of the DA response to develop. Furthermore, the enhancement in bFGF-IR was persistent, as are the changes in DA function induced by stimulant drugs. These findings raise the possibility, therefore, that increased bFGF expression in the DA somatodendritic region is one of the events that leads to the development and maintenance of the neural changes underlying sensitization. Experiments using bFGF antibodies to determine whether bFGF plays a critical role in the development of sensitization to amphetamine are currently underway.
The possibility that bFGF expression is related to the development of sensitization to amphetamine is also suggested by the findings from experiment 2, showing that the glutamate receptor antagonist kynurenic acid 100 mg / kg, given intraperitoneally twice a day during the period of amphetamine treatment and for 5 d after termination of treatment, blocked the amphetamineinduced increase in bFGF expression in VTA and SNc seen after 1 week in animals given the vehicle. These results, suggesting that the enhancement in bFGF-IR in DA cell body regions seen after amphetamine treatment is mediated by glutamate, are supported by two additional sets of data, one showing that glutamate induces bFGF expression in astrocytes (Pechan et al., 1993) and another showing that glutamate overflow in DA cell body regions increases during Duffy, 1995a, 1998) or after (Xue et al., 1996; Wolf and Xue, 1998) amphetamine administration. Glutamate is known to play a crucial role in the development of sensitization to amphetamine. There is considerable evidence that treatment with NMDA and AMPA antagonists prevents sensitization to amphetamine (for review, see Wolf, 1998) . Therefore, in view of the present findings, one may hypothesize that glutamate antagonists block the development of sensitization to amphetamine by preventing bFGF increased expression. Additional experiments are clearly necessary to test this hypothesis directly and to determine more precisely which glutamate recep- Figure 3 . Digitized images showing darkly labeled bFGF-immunoreactive cells in tissue lightly counterstained with cresyl violet (revealing both glia and larger neurons). Images were taken from representative animals that were injected, intraperitoneally, with either saline or amphetamine (3.0 mg/kg), on three occasions, once every other day, and killed 1 week later. Images A (saline) and B (amphetamine) were taken from the VTA, and images C (saline) and D (amphetamine) were taken from the SNc. Scale bar, 50 m. C ell counts included only darkly labeled profiles that were in the same plane of focus.
tors are involved. We have recently found that amphetamineinduced increases in bFGF-IR can be blocked by a selective NMDA receptor antagonist (our unpublished observations).
The results of the present study also revealed that the amphetamine-induced increases in bFGF-IR occurred in the somatodendritic regions of the DA neurons and not in the terminal regions, in the NAcc core and shell, or in the STR. As mentioned earlier, it is well established that the events that lead to sensitization are initiated by the actions of amphetamine in the DA cell body region and not in these terminal regions (Kalivas and Weber, 1988; Vezina and Stewart, 1990; Hooks et al., 1992; Cador et al., 1995) . Moreover, injections of glutamate antagonists Figure 4 . Role of glutamate in DA somatodendritic regions. Mean (Ϯ SEM) percent of vehicle-saline control (bFGF-immunoreactive cells per square millimeter) in the VTA and SNc in groups of animals treated daily with kynurenic acid (n ϭ 4 per group) or vehicle (VTA, n ϭ 8; SNc, n ϭ 7), given three injections of saline or amphetamine (3.0 mg / kg), and killed 1 week after the last injection of saline or amphetamine; 100% represents the mean (solid line) and SEM (dashed lines) counts from vehicle-saline-treated animals (n ϭ 8). See Materials and Methods for details. ANOVAs performed on the actual counts showed significant group difference in each area (VTA, F (3, 20) ϭ 3.77; p Ͻ 0.05; SNc, F (3, 19) ϭ 4.11; p Ͻ 0.05). Asterisk s indicate that the vehicle-amphetamine group was significantly different from all other groups ( p Ͻ 0.05). Figure 5 . Role of glutamate in DA terminal regions. Mean (Ϯ SEM) percent of vehicle -saline control (bFGF-immunoreactive cells per square millimeter) in the NAcc shell and core and in the dorsal region of the STR in groups (n ϭ 4 per group) of animals treated daily with kynurenic acid or vehicle (n ϭ 8 per group), given three injections of saline or amphetamine (3.0 mg / kg), and killed 1 week after the last injection of saline or amphetamine; 100% represents the mean (solid line) and SEM (dashed lines) counts from vehicle -saline-treated animals (NAcc Core and STR, n ϭ 7; NAcc Shell, n ϭ 8). See Materials and Methods for details. ANOVAs performed on the actual counts showed no significant group differences in any of the areas (NAcc Shell, F (3, 20) ϭ 0.89; NAcc Core, F (3, 19) .52; STR, F (3, 19) ϭ 0.21).
directly into the V TA have been found to block the development of sensitization to amphetamine (C ador et al., 1997; JakeMatthews et al., 1997; K im and Vezina, 1998) . Finally, it is known that the development of sensitization to amphetamine can be blocked by systemic injections of protein synthesis inhibitors (Robinson, 1991; Karler et al., 1993) and that their direct application in the V TA, but not NAcc, can prevent sensitization to cocaine (Sorg and Ulibarri, 1995) . This evidence, together with the finding that bFGF expression was increased in DA cell body regions but not in terminal regions, increases the probability that the enhanced astrocytic bFGF expression seen in the VTA and SNc regions is part of the cascade of intracellular and intercellular events that leads to long-lasting changes in the control and functioning of DA neurons. It should be pointed out, however, that bFGF-IR was assessed in striatal terminal regions only at 1 week after the last amphetamine injection. Thus, increases in bFGF-IR within these regions either at earlier or later times cannot be ruled out and are being investigated. This is particularly important in view of recent studies on drug-induced changes in postsynaptic neurons in the striatum (Moratalla et al., 1996; Nestler et al., 1996; Robinson and Kolb, 1997; Fienberg et al., 1998) .
It can now be asked, through what mechanisms bFGF might play a role in the development of sensitization to the behavioral and neurochemical effects of amphetamine? It will be recalled that bFGF promotes growth and survival of embryonic DA neurons (Chadi et al., 1993; Bouvier and Mytilineou, 1995; Takayama et al., 1995; Hou et al., 1997) and this effect is mediated by astrocytes (Engele and Bohn, 1991) . In adult animals, bFGF expression is increased after injury to midbrain DA neurons (Chadi et al., 1994) and appears to participate in the survival and sprouting of injured neurons (Chadi et al., 1993; Kawamata et al., 1997) . Although amphetamine treatment has not been associated with the significant reductions of DA and metabolites in terminal regions seen after partial lesions within the DA system (Robinson and Whishaw, 1988) , repeated administration of stimulant drugs can induce injury-like changes in the somatodendritic regions of midbrain DA neurons (Self and Nestler, 1995; Berhow et al., 1996; Sklair-Tavron et al., 1996) . The increased glutamatergic activity elicited by amphetamine and other stimulant drugs may, by placing excessive demands on the functioning of DA neurons, recruit regulatory and neuroprotective factors that stimulate recovery-like processes leading to enduring increases in DA neuron functioning and connectivity.
Interestingly, recent work from our laboratory suggests that the behavioral and neurochemical recovery seen 2-4 weeks after partial 6-OHDA lesions of nigrostriatal DA neurons (Robinson and Whishaw, 1988; Castañeda et al., 1990; Robinson et al., 1994) is facilitated by the actions of glutamate, presumably released as a result of neuronal stress and injury. We have found that recovery can be blocked by daily injections of NMDA antagonists given during the first week after injury (Emmi et al., 1996) , making it appear that the compensatory changes in the remaining DA neurons are stimulated, at least in part, by glutamatergic activity. These findings suggest some similarity between the compensatory mechanisms seen after 6-OHDA lesions and those that underlie amphetamine-induced sensitization (Emmi et al., 1996 (Emmi et al., , 1997 . This idea is made more compelling by the fact that both after 6-OHDA lesions and after repeated exposure to amphetamine there is a sustained increase in astrocytic bFGF-IR in the SNc and VTA.
Another potential mechanism whereby bFGF could participate in the development of sensitization to the effects of amphetamine is by regulating the expression of glutamate receptor in DA neurons. It is known that bFGF increases the AMPA GluR1 subunit in cultured hippocampal neurons, and, as a consequence, the associated calcium response to AMPA receptor activation (Cheng et al., 1995) . It is interesting, therefore, that increased expression of GluR1 subunit in DA somatodendritic regions (Fitzgerald et al., 1996) and increased sensitivity of DA neurons to AMPA activation (Zhang et al., 1997) have both been observed after repeated treatment with stimulant drugs. Notably, upregulation of the GluR1 subunit in the VTA has been shown to induce a sensitized-like response to the locomotor stimulant effects of morphine (Carlezon et al., 1997) . In addition, both stimulant drugs and bFGF appear to increase GluR1 via post- Figure 6 . Digitized images of V TA sections from an animal treated with amphetamine as in experiment 1 and killed 1 week after the last injection. The large black blobs indicate bFGF immunoreactivity. A, Section labeled with both TH and bFGF. bFGF-IR (indicated by the white arrow) was not found within the large TH-positive cells (see black arrow). B, Section labeled with both GFAP and bFGF. Arrows point to three GFAP-IR astrocytes. The white arrow points to an astrocyte that was not labeled for bFGF. The black arrows point to two astrocytes that were labeled with both bFGF and GFAP. (Oil immersion: Scale bar, 25 m).
transcriptional mechanisms (Mattson et al., 1993; Wolf, 1998) . Thus, it is possible that bFGF participates in the development of DA sensitization by increasing GluR1 expression in DA neurons.
In summary, repeated exposure to amphetamine elicits marked increases in astrocytic bFGF-IR in midbrain DA somatodendritic regions that appear to be mediated by glutamate. Most importantly, these increases are long-lasting, continuing to be evident 1 month after the last exposure to amphetamine. These findings suggest that increased astrocytic expression of bFGF in DA somatodendritic regions is a mechanism by which stimulant drugs exert their long-term effects on midbrain DA f unction.
